gene was probably essential but the phenotypic consequences of mreB disruption were not described (Varley and Stewart, 1992). In preliminary experiments, we also Introduction were unable to obtain stable disruptants of B. subtilis mreB, by insertion either of an antibiotic resistance casCell shape in eukaryotes is determined primarily by the action of various filamentous structures, particularly acsette or an integrating plasmid. We therefore attempted to construct a merodiploid strain with a repressible copy tin filaments. These are formed by polymerization of the 42 kDa actin monomer into long linear or branched of mreB located at an ectopic locus (amyE). For reasons that we do not understand, expression of mreB only at structures. In vivo, actin polymerization is a highly regulated process controlled both by ATP binding and hydrothe amyE locus did not complement a disruption of mreB at its natural position, but we were able to generate an lysis, and by the action of a number of actin binding proteins that initiate, cleave, cross-link, stabilize, or deinducible strain when the whole mreBCD cluster of genes was placed at amyE under the control of the stabilize the filaments (Korn et al., 1987; Schmidt and Hall, 1998).
E and F) Loss of control over the linear axis of growth in mbl mutant cells. Strain 2505 with a disruption of the mbl gene was grown to midexponential phase in S medium (E) and CH medium (F) (doubling times: 73 and 40 min respectively; Sharpe et al., 1998). (G and H) Immunostaining of the cell division protein FtsZ in wild-type cells (G) and in an mbl mutant (H) (strain 2505) grown in CH medium.
contrast to mreB of E. coli, which is not essential; Doi structures in the distorted mbl mutant cells ( Figure 1H ) instead of the normal perpendicular rings (seen typically et al., 1988). Microscopic examination of cells at this time revealed that the arrest in growth was associated as bands in the wild-type cells illustrated in Figure 1G ). We suggest that propagation of an FtsZ structure with a change in cell morphology from the normal rod shape ( Figures 1A and 1B) to an inflated, rounded moraround the regular cylinder of the wild-type cell envelope allows formation of a closed, circular FtsZ ring, but when phology, typical of the general class of Rod mutants ( Figure 1C) . In later samples, many lysed cells were the side walls are irregular, the curving Z structure sometimes fails to close upon itself, instead forming a spiral or evident ( Figure 1D ; arrows), confirming that the shape defect is ultimately lethal. In contrast, cells grown in the helix. Note also that circular Z rings were also frequently seen (lower panels of Figure 1H ), where a closed Z ring presence of inducer had a normal rod-shaped morphoplogy ( Figure 1B) , indistiguishable from that of wildhad formed but did not lie in the normal perpendicular plane. An alternative view of the significance of the distype B. subtilis cells ( Figure 1A) . We conclude that disruption of the mreB gene of B. subtilis, as in E. coli, torted FtsZ rings would be that they are responsible for the shape effects and that the Mbl phenotype arises results in loss of cell width control, though in B. subtilis the effect is ultimately lethal. because this protein is involved in orientating the FtsZ rings. However, we think this less likely because cells We then examined cells with a disruption of the related mbl gene. As previously described, this gene is noneswith a distorted shape and an essentially normal FtsZ ring were not infrequent. sential, though the mutant cells grow slowly and have a highly abnormal cell shape (Abhayawardhane and In contrast to mbl mutants, distorted cell divisions were not observed with the mreB-depleted cells (data Stewart, 1995). As shown in Figure 1 (E and F), cells of the mbl mutant were bent and twisted at irregular angles. not shown). Thus, it appears that mreB and mbl are both involved in cell shape control in B. subtilis, but their The morphological distortion was more obvious with rapidly growing cells ( Figure 1F ), under which conditwo proteins appear to be functionally specialized for different aspects of shape determination. tions, B. subtilis cells remain associated in chains (Holmes et al., 1980) . A proportion of the mbl mutant cells were also affected in cell width, with some bulges, MreB Localizes in the Form of Helical Filaments that Encircle the Cell again particularly at the higher growth rate (arrows in Figure 1F ). However, the main effect with this mutant To investigate how MreB participates in cell morphogenesis, we wanted to determine its subcellular localization. seemed to lie in control of the longitudinal axis of cell growth. Consistent with this notion, we discovered that GFP fusions to either the N or C terminus of the protein were nonfunctional and nonlocalized (results not shown). FtsZ (a tubulin-like protein that directs septation by formation of a cytokinetic ring in prokaryotes; Lutkenhaus
We therefore raised antiserum against overexpressed, affinity-tagged protein so as to determine its location and Addinall, 1997) forms spiral and irregular circular by immunofluorescence microscopy. We also made an with adjacent partial bands and dots. The bands were reminiscent of those seen with various cell division proepitope-tagged derivative of MreB, with an N-terminal c-Myc tag. Unlike GFP, addition of this short tag had teins, which assemble into a ring structure at the site of incipient division (Lutkenhaus and Addinall, 1997; see no discernible effect on MreB function. The specificity of both antisera was verified as shown in Figure 2A . The above), except that they were usually slanted rather than being perpendicular to the long axis of the cell, and they polyclonal serum reacted strongly with a single protein of expected mobility in extracts of wild-type B. subtilis were generally less precisely demarcated. By focusing up and down through the cell, it appeared that at least cells ( Figure 3D . Finally, the patterns were tion, it was also possible that they have a more passive role, for example in the maintenance of cell shape. If rather simpler to interpret, with each helical strand running apparently the length of the cell, and usually making the role was a direct one, it should be possible to isolate alleles of mreB or mbl with an altered cell shape. To more than one complete turn around the cell periphery. Generally, in the smallest cells (e.g., "a" in Figure 3B) , isolate a range of missense alleles of mreB, we designed a mutagenesis strategy that took advantage of the lethal the filaments appeared to follow one full helical turn, 4D ). The cells also tended to bulge at the poles, mreB ϩ gene at the amyE locus. We mutagenized a plasmid-borne copy of mreB (incapable of replication in B.
becoming rather kidney shaped. The mreB gene of this mutant was sequenced and found to contain a single subtilis) and transformed strain 2063, plating in the absence of xylose. The end points of the insert in the base substitution (ttg-tcg) that would produce the substitution L296S in MreB protein (see Figure 5) . The resiplasmid were designed such that integration of the plasmid by any single crossover mechanism would also be due affected is a highly conserved hydrophobic residue in one of the sequence motifs thought to be important lethal. Approximately 50% of the transformants arose by a double-crossover mechanism in which the kanamycinfor the folding of actin-like proteins (see Bork et al., 1992) . Mutant 2080 (mreB42) had a less obvious phenoresistance cassette in mreB was replaced with the mutagenized mreB DNA. Individual transformants were type but its average cell width was again increased and rather variable but with no significant decrease in cell screened microscopically for morphological abnormalities. A range of mutants were obtained, including several length ( Figures 4B and 4D ). This mutant again had a single base substitution in mreB (atg-acg), giving rise with severely abnormal shape and reduced growth rates, not dissimilar from the null mutants. However, to an M104R substitution affecting a different region of MreB, and again a fairly conserved residue. By contrast, among the collection were several that grew with normal growth rates and had stable alterations in shape. Two in wild-type cells, as reported previously (Sharpe et al., 1998), the cell width is maintained within a very tight many of the highly conserved residues in the MreB-like proteins are also conserved in the actin superfamily. range ( Figures 4A and 4D (Table 1 ). All of these organisms turned out to be related in having a nonspherical, and therefore probably an actively detemined cell shape. Many of the organisms are rod shaped, similar to B. subtilis and E. coli. Organisms with more complex shapes, including curved, filamentous, and helical bacteria, were all abundantly represented. Missing from the collection, however, were bacteria with a coccoid (spherical) morphology, both Gram-positive and Gram-negative. To confirm the absence of mreB-like genes from these bacteria, we searched the complete or near complete genome sequences of a number of organisms. None of the sequences examined (Table 1) showed a significant match to MreB. We therefore suggest that a sphere is the default shape taken by cells in the absence of an active, mreB-depen- to generate plasmid pSG4521. This plasmid was transformed into strain 168 chromosomal DNA, using flanking oligonucleotides that wild-type B. subtilis cells with selection for chloramphenicol resisintroduced the STREPII affinity tag (WSHPQFER) with an NcoI site tance. After integration into the chromosome by Campbell-type at the N terminus, and a HindIII site at the C ternimus. The NcoImechanism, the only intact copy of mbl was the one fused to gfp. and HindIII-digested fragments were then cloned into the pET21d Cells of the resulting strain (2521) had minor alterations in cell size and pET3a vectors (Stratagene) respectively, and restricted with and shape. NcoI and HindIII, to generate plasmids pSG1478 and pSG4600.
To study the localization of Mbl-GFP, strain 2521 was grown to To overproduce StrepII-MreB, plasmid pSG1478 was transformed exponential phase in hydrolyzed casein (CH) medium at 37ЊC. Saminto the E. coli expression host strain BL21 (pLysS). A 500 ml culture ples for fluorescence microscopy were taken at an OD 600 of 0.7-0.9 was inoculated from a fresh overnight plate and grown at 37ЊC in and immobilized on 1.2% agarose-coated microscope slides as 2YT medium ( StrepII-Mbl (purified as described above) on 12% and 10% SDS-PAGE, respectively, and transferred to nitrocellulose membranes 2060, and from cultures of the disrupted mbl strain 2505 and the wild-type strain 168, were taken and suspended to give an OD 600 of (Hybond C-extra) by electroblotting. The membranes were subjected to immunoblotting as described above, except that the sec-1.0 in a final volume of 100 l. Cell pellets were resuspended in 1ϫ SDS-PAGE loading buffer and lysed by sonciation. 
